Research into semiconductor cesium lead halide perovskite (LHP) nanocrystals (NCs) has rapidly developed since their hot-injection synthesis was introduced in 2015.^[@ref1]−[@ref3]^ CsPbBr~3~ NCs and related materials are currently synthesized with narrow size distributions,^[@ref1],[@ref4]−[@ref7]^ which naturally leads to investigations on their self-assembly capabilities. One motivation to prepare CsPbBr~3~ NC superlattices (SLs) is to study the coupling between neighboring NCs, resulting in a collective behavior such as exciton delocalization or carrier transport.^[@ref8]−[@ref12]^ The reports on intriguing optical properties of CsPbBr~3~ NC SLs such as a tunable anisotropic light emission^[@ref13]^ or superfluorescence^[@ref14]^ indicate that these SLs are promising for applications in light emitting devices.^[@ref15]^ However, the poor compatibility of CsPbBr~3~ NCs with polar solvents^[@ref16]^ (for example, methanol, 2-propanol, and diethylene glycol) prevents their self-assembly by antisolvent diffusion^[@ref17]^ or at the interface with a polar solvent,^[@ref18]^ singling out slow solvent evaporation as the sole method for preparing SLs. Compared to NC materials that have been studied for a long time, such as CdSe or FePt,^[@ref17]−[@ref19]^ research on the preparation of SLs from inorganic or mixed LHP NCs is still in its early stages and is in need of new approaches.^[@ref15],[@ref20]^

In this work, we introduce a solvent diffusion technique for growing CsPbBr~3~ NC SLs on the surface of liquid perfluorodecalin (PFD). PFD, an inert perfluorinated liquid that is partially miscible with hexane, also plays the role of an antisolvent: when a hexane solution of NCs is deposited on top of PFD, hexane gradually diffuses into the PFD, initiating SL nucleation and growth. Using this method, we were able to produce three-dimensional and nearly isotropic SLs with dimensions up to ∼70 μm using quantum-confined CsPbBr~3~ NCs. An important advantage of growing SLs on top of a liquid over more traditional methods of slow solvent evaporation that are typically bound to a specific substrate is that SLs can be transferred onto silicon or glass substrates.

A second important finding of this work concerns the nature of the photoluminescence (PL) red shift of CsPbBr~3~ NCs in SLs. CsPbBr~3~ NCs are bright emitters, and changes in their PL spectra can be indicative of interparticle interactions inside a SL. Specifically, a PL red shift is often an indication of electronic coupling between NCs when they are packed into a solid. Several studies have reported that CsPbBr~3~ NC SLs exhibit a PL red shift in comparison to NCs in solution, but the extent of this red shift varies from a few millielectronvolts^[@ref7],[@ref20],[@ref21]^ up to ∼100 meV.^[@ref3],[@ref15],[@ref22],[@ref23]^ Here, we report that individual SLs with a clean surface have a small PL red shift of ∼10--15 meV in comparison to NCs in dilute solution. However, a macroscopic sample of aggregated NC SLs shows a PL red shift of up to ∼96 meV ([Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf)). Our data indicate that such an increase in the PL red shift arises from at least two additional factors: the presence of SLs covered in impurities with a red-shifted PL (which can add up to ∼30 meV, the impurities being identified as submicrometer particles of CsPbBr~3~) and a photon propagation effect (which can add another ∼10--50 meV or more due to self-absorption).

The preparation of cube-shaped CsPbBr~3~ NCs was performed by modifying the method that was developed by Protesescu et al.^[@ref1]^ In short, NCs were synthesized by the hot injection of a cesium oleate precursor into lead bromide that had been dissolved in a mixture of oleic acid, oleylamine, and 1-octadecene (ODE, which acts as a solvent). The modifications we made to the original procedure consisted of performing the reaction in a 20 mL glass vial on a hot plate under air,^[@ref25],[@ref26]^ and using optimized amounts of oleic acid and oleylamine to minimize NC size distribution.^[@ref5]^ To decrease the amount of the remaining organics, the as-synthesized NC batches were repeatedly centrifuged in a solid form. The experimental details are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf).

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a shows the steady-state absorption and PL spectra, and a low-resolution TEM image of a representative batch of the cube-shaped CsPbBr~3~ NCs that were used in the self-assembly experiments (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf) for size distribution). As was noted by Rainò et al.,^[@ref14]^ a narrow size distribution of the starting NCs is crucial for obtaining SLs. The CsPbBr~3~ NC batches characterized by PL spectra with a full width at half maximum (fwhm) \<80 meV in dilute toluene solutions (PL λ~max~ in the range 509--512 nm) were selected for self-assembly. The batches fitting that criterion were consistently observed to form layers of closely packed NCs after being drop-casted onto a TEM grid.

![(a) Steady-state absorption (solid black curve) and PL (solid green curve) spectra and a low-magnification TEM image (inset) of a batch of ∼6.8 ± 1 nm CsPbBr~3~ NCs; (b) schematic of the CsPbBr~3~ NC self-assembly on the surface of perfluorodecalin (PFD); (c) photographs of a vial with a luminescent solid of CsPbBr~3~ NC SLs after PFD was decanted off ("dried") and after addition of oleic acid ("+oleic acid"); (d) low-magnification TEM image of a small (\<1 μm) CsPbBr~3~ NC SL showing a simple cubic packing of individual NCs. This type of packing is typical for nanocubes with sharp edges;^[@ref24]^ (e) optical microscopy image of the CsPbBr~3~ NC SL suspension in oleic acid with ∼10 μm SLs; (f) topology of a large SL in three dimensions and an accompanying optical image (insert, scale bar 20 μm).](jz-2019-001782_0001){#fig1}

In our approach to making SLs, we employed liquid PFD for the interfacial self-assembly, as initial attempts to use diethylene glycol^[@ref18]^ resulted in the degradation of the CsPbBr~3~ NCs (the NC solution turned dark yellow and lost its green emission). PFD, however, is a chemically inert perfluorinated liquid that is partially miscible with hexane (the reported miscibility of PFD and *n*-hexane is *x*~12~ = 83.59 wt % at 294.05 K,^[@ref27]^ which translates to ∼1.73:1 PFD to hexane mixture by volume). PFD does not solubilize ligand-capped NCs so it can be used as both a substrate and an antisolvent for the NC self-assembly. The self-assembly was set up inside a well that was cut out of a PTFE tube, as is illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b (see also [section S2d](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf), [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf)). The well creates a lipophobic and hydrophobic environment around the NC solution, thus preventing the NCs from spreading onto the surrounding surfaces while the hexane diffuses into the PFD. Depending on the amount of organic residuals that are carried with the NCs after the synthesis, the waxy solid left after the hexane diffusion could appear powdery ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) or chunky ([Figures S5 and S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf)). Upon inspection under an optical microscope, the solid was found to be an aggregate of NC SLs ([Figures S5 and S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf)). A liquid suspension of NC SLs was obtained by adding a small amount of oleic acid to the solid ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c, [Figures S7 and S8](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf)). The NC SLs in the suspension were inspected with the optical microscope ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e). Generally, the lateral dimensions of the obtained NC SLs were \>1 μm ([Figures S6--S12](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf)), and they were too thick to be viewed under TEM. However, by reducing the concentration of NCs and the volume of the NC solution that was deposited onto the surface of the PFD, it was possible to obtain smaller SLs with dimensions \<1 μm and inspect them under TEM ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d). The biggest CsPbBr~3~ NC SLs that were prepared by this method could reach up to ∼70 μm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}f, [Figures S6, S11, and S12](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf)). The SLs prepared by this method have isotropic shapes with similar widths, lengths, and heights ([Figures S9--S12](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf)). This is in contrast to SLs that are grown by slow solvent evaporation, which were found to be flat ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf)). The developed self-assembly method yields SLs that can be transferred onto an arbitrary substrate with the help of ultrasonication (see [section S2e](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf) and [supporting video 1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_002.avi)).

A wide range of values for a PL red shift of CsPbBr~3~ NC SLs have been reported, as noted above.^[@ref3],[@ref7],[@ref15],[@ref20]−[@ref23]^ These conflicting findings motivated us to explore the possible causes of the large PL red shift. First, the PL of individual SLs was investigated. Three samples that derived from the same batch of CsPbBr~3~ NCs were examined by confocal PL microscopy: an oleic acid dispersion of SLs, a film drop-casted from the hexane solution of NCs;, and a NC solution in ODE. ODE was chosen as a solvent for the NCs due to its high boiling point (toluene and hexane are too volatile for this experiment). [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows the comparison between the spectra (see [Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf) for additional spectra).

![Confocal PL microscopy images and spectra of (a) three different CsPbBr~3~ NC samples: NCs dispersed in ODE (red curve), an individual SL (green curve, λ~max~ = 511 nm), and a NC film drop-casted from a hexane solution (black curve). Confocal PL microscopy images and spectra of (b) Three CsPbBr~3~ NC SLs with varying degrees of impurities and PL red shifts, SL1 (black curve, λ~max~ = 512 nm), SL2 (red curve, λ~max~ = 515 nm), SL3 (blue curve, λ~max~ = 517 nm). The samples were excited with an Ar laser, λ~exc~ = 488 nm.](jz-2019-001782_0002){#fig2}

The PL spectra of both isolated NC SLs and a drop-casted NC film are similar, peaking at ∼511--512 nm (2.426--2.422 eV) with ∼84--85 meV fwhm. These spectra are red-shifted and broadened in comparison to the PL spectrum of a NC solution in ODE, which peaks at ∼509 nm (2.436 eV) and has a PL fwhm of ∼79 meV. Another experiment that was performed on a different batch of CsPbBr~3~ NCs showed qualitatively similar results---a small red shift in the PL peak and a broadening of the spectrum in the film or SL ([Figures S15 and S16](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf)). A ∼ 2--3 nm (∼10--15 meV) PL red shift was observed for individual SLs, which is significantly smaller than the ∼96 meV red shift that was observed in the aggregates of SLs ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf)). This modest red shift is consistent with our prior report^[@ref7]^ and is within the range 0--30 meV, which was reported by van der Burgt et al.^[@ref20]^

Interestingly, in addition to SLs with a spatially uniform PL across their surface ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), we observed SLs covered with bright spots. We noticed that there is a correlation between the number of bright spots and the extent of the PL red shift: the more spots the SLs have, the larger the PL red shift is ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, up to ∼40 meV for SL3 in comparison to NCs in dilute solution). A series of spectrally resolved slices were recorded as a function of the thickness (*z* slices) for clean SLs and the SLs with spots. The resulting series indicated that the spots are located on the surfaces of SLs ([Figures S17--S25](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf)). The SLs with spots on the surface were examined by high resolution scanning electron microscopy (HRSEM). The spots appear as bright objects of rhombic and rectangular shapes with sharp edges, ∼50--300 nm in size ([Figures S26--S28](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf)). The energy dispersive X-ray spectroscopy (EDS) mapping did not reveal significant deviations from CsPbBr~3~ stoichiometry ([Figure S28](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf), [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf)). We interpret these objects as submicrometer crystals of CsPbBr~3~ formed because of NC degradation or coalescence. Such submicrometer crystals have a red-shifted PL compared to the NCs due to the loss of quantum confinement \[optical bandgap of bulk CsPbBr~3~ is ∼2.25 eV (∼550 nm).^[@ref28]^ The presence of luminescent impurities on top of the LHP NC SLs has not been reported previously. Interestingly, it bears similarity to the surfaces of LHP single crystals; the differences in the structure^[@ref29]^ and composition^[@ref30]^ of the surfaces have been proposed as one of the explanations for a dual PL observed in bulk samples.

A PL red shift in CsPbBr~3~ NC SLs can also occur as a result of a photon propagation effect,^[@ref23]^ by which we mean a combination of PL self-absorption and a concomitant re-emission by the NCs with a matching bandgap. The photon propagation effect has been reported to red shift the PL in bulk LHP (by ∼130 meV in crystals of CH~3~NH~3~PbBr~3~^[@ref31]^ and by ∼70 meV in thin films of CH~3~NH~3~PbI~3~^[@ref32]^), but it has not been studied in NC SLs. In the case of self-absorption alone, an experimentally measured PL is affected by the transmission of the NCs' PL through the surrounding NCs, because the PL Stokes shift is small ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). It is anticipated that the magnitude of the PL red shift due to the self-absorption depends on the amount of the material in the sample.

To explore how a PL red shift responds to the relative amount of SLs, we recorded PL spectra from three macroscopic areas on the 2 in. diameter Si wafer that was covered with a variable density of CsPbBr~3~ NC SLs. For this experiment, a batch of shape-pure cubic CsPbBr~3~ NCs with an edge length of 8.5 ± 0.5 nm was used. Briefly, a batch of CsPbBr~3~ NCs with a PL λ~max~ = 512 nm (fwhm = 70 meV) was synthesized using the benzoyl bromide route^[@ref33]^ involving oleic acid and didodecylamine ligands.^[@ref7],[@ref33]^ The self-assembly was performed by slow solvent evaporation from a toluene solution of NCs on a tilted Si wafer ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), as described in our recent work.^[@ref7]^ Performing the self-assembly on a tilted Si wafer yielded a spatial gradient of the SL coverage ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a): from an area with thin, well-isolated SLs (area 1) to an area with thicker, closely packed SLs (area 2), then to an area where SLs were bunched on top of each other (area 3). The PL spectra for these areas are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b. The PL spectra of individual SLs with a clean surface are broadened and red-shifted slightly compared to the spectra of NCs in solution ([Figure S29](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf)), and this is consistent with the results discussed above ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). An examination of the sample with a confocal PL setup did not reveal any SLs with impurities ([Figure S29](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf)), so we can rule out their influence on the PL red shift in this experiment. Both the PL red shift (from 512 to 517 nm, ∼24 meV) and the spectral broadening (from 70 to 87 meV, respectively) increased gradually from NCs in solution to SL aggregates ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b).

![(a) Scheme of the CsPbBr~3~ NC SLs that were grown on a tilted Si wafer by a slow solvent evaporation and optical microscopy images of three areas on the wafer with different densities of NC SLs. (b) PL spectra from the areas with a different SL coverage (a small peak near 555 nm is possibly an artifact). (c) Effect of the self-absorption on the measured PL. Short-dashed lines are transmission spectra at four different extinctions, and solid lines are the resulting PL spectra.](jz-2019-001782_0003){#fig3}

To determine whether or not the PL red shift is due to the self-absorption alone, we treated the sample as an absorbing filter with a transmission spectrum of a dilute toluene solution of CsPbBr~3~ NCs: *T*(*n*,λ) = 10^--*n*·*A*(λ)^, where *T* is transmittance, *n* is a multiplicative constant, and *A* is absorbance. The multiplicative constant is introduced to simulate different volumes of the material. In other words, increasing *n* is akin to increasing the thickness of the sample, which leads to a decrease in the transmittance. Next, we obtained a series of self-transmitted PL spectra as a function of *n* ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c, dashed curves): *I*~PL~^*ST*^(*n*,λ) = *I*~PL~(λ)·*T*(*n*,λ), where *I*~PL~(λ) is a PL spectrum of the same dilute toluene solution of CsPbBr~3~ NCs. Upon comparison of *I*~PL~^ST^(*n*,λ) for different *n* values (*n* = 1, 5, 10, 30), the PL λ~max~ shifts from 514 to 523 nm ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c, solid curves). This shift is accompanied by a change in the shape of the PL spectrum (especially noticeable at *n* = 30): the spectrum narrows and becomes steeper on the high energy side (thus, self-absorption may explain prior observations of asymmetric PL spectra of CsPbBr~3~ NC SLs^[@ref15]^).

To summarize, a PL red shift in CsPbBr~3~ NC SLs with magnitudes from ∼10--15 meV (isolated SLs with clean surfaces) to ∼96 meV (aggregates of SLs) has been observed for various samples studied in this work. The ∼10--15 meV PL red shift in isolated SLs is interpreted as a combination of three effects: changes in the dielectric environment, electronic coupling between the NCs, and the photon propagation. The large ∼96 meV PL red shift measured for the aggregates of SLs arises from two additional factors: the presence of SLs with impurities of bulklike CsPbBr~3~ particles on their surface, which adds ∼30 meV or more to the PL red shift, and the photon propagation effect, the magnitude of which depends on the volume of the material in the sample (self-absorption is enough to contribute \>50 meV of additional PL red shift in a macroscopic sample). The PL red shift in all of the SL samples studied in this work is accompanied by the broadening of PL spectra, which is the opposite of the narrowing that is expected in the case of self-absorption alone ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c and experimental observations reported in refs ([@ref31]), ([@ref32]), ([@ref34]), and ([@ref35])). Two possible causes of the PL broadening are the increased contribution into PL from the NCs with smaller bandgaps (bigger sizes) due to the interparticle energy transfer^[@ref36]−[@ref38]^ and the energetic disorder due to localized variations in the dielectric environment caused by the defects inside SLs.^[@ref20]^

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpclett.9b00178](http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.9b00178).PL spectra of SLs samples, experimental details, size determination of CsPbBr~3~ NCs by TEM, photographs of the self-assembly setup, optical microscopy images of NC SLs in solid and dispersion, optical profilometry of CsPbBr~3~ NC SLs, HRSEM analysis of impurities on the surface of SLs, confocal PL microscopy images and *z* slices of CsPbBr~3~ NC SLs ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_001.pdf))Video displaying transfer of CsPbBr~3~ NC SLs onto silicon wafer under ultrasonication ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00178/suppl_file/jz9b00178_si_002.avi))
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